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Abstract

Infection of the cornea with HSV results in an immune-inflammatory reaction orchestrated by 

proinflammatory T cells that is a major cause of human vision impairment. The severity of lesions 

can be reduced if the representation of inflammatory T cells is changed to increase the presence of 

T cells with regulatory function. This report shows that inhibiting glutamine metabolism using 6-

Diazo-5-oxo-L-norleucine (DON) administered via intraperitoneal (IP) starting 6 days after ocular 

infection and continued until day 15 significantly reduced the severity of herpetic stromal keratitis 

lesions. The therapy resulted in reduced neutrophils, macrophages as well proinflammatory CD4 

Th1 and Th17 T cells in the cornea, but had no effect on levels of regulatory T cells. A similar 

change in the representation of inflammatory and regulatory T cells occurred in the trigeminal 

ganglion (TG) the site where HSV infection establishes latency. Glutamine metabolism was 

shown to be required for the in-vitro optimal induction of both Th1 and Th17 T cells but 

not for the induction of Treg that were increased when glutamine metabolism was inhibited. 

Inhibiting glutamine metabolism also changed the ability of latently infected TG cells from 

animals previously infected with HSV to reactivate and produce infectious virus.
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1. Introduction

Herpes simplex virus (HSV) is a common human pathogen that after infection persists 

indefinitely in the host in the form of latency [1]. Periodic recurrences can occur and these 

are particularly troublesome in some locations, such as the eye since they can result in 

blindness [2]. With chronic ocular lesions, the tissue damage that occurs is largely the 

consequence of immune reactivity to the infection [2, 3] mediated mainly by neutrophils [4, 

5] and some types of macrophages [6, 7]. However the inflammatory reaction is orchestrated 

by subsets of T cells, particularly CD4+Th1 [8], CD4+ Th17 cells [9] and CD8+ T cells [10, 

11]. Moreover, the pro-inflammatory activity of the T cell subsets can be down-modulated 

by other cell types such as Foxp3+ and IL-10-producing CD4+T cells [12, 13], as well as in 

some models M2 type macrophages [14]. Consequently, a potential control manoeuvre could 

be to rebalance the makeup of innate and adaptive constituents of the reaction, but finding 

a convenient and effective approach to accomplish this objective remains a challenge. One 

solution to this ‘rebalancing challenge’ could be to exploit the accumulating evidence that 

cells of the immune system depend differentially on variant pathways to support their 

metabolic needs [15, 16] and that manipulating metabolic effects serves to expand some 

cell types and suppress others [17]. For example, previous studies from our laboratory using 

an infectious disease model demonstrated that manipulating the glucose utilization pathway 

[18, 55], or changing the dietary input of a short chain fatty acid [19] could change the 

severity of ocular herpetic lesions. In the present proposal, we investigate if manipulating 

glutamine metabolism, which some reports show is required for the differentiation of some 

subsets of T cells [20-24], could also be an approach to control the expression of herpetic 

ocular disease. The approach could have additional benefits since glutamine metabolism is 

involved also in the stability of herpesvirus latency [25, 26].

Our results show that inhibiting glutamine metabolism by the daily administration of DON 

started 6 days after HSV ocular infection significantly reduced the severity of stromal 

keratitis (SK) lesions and pathological angiogenesis in the corneas of infected mice. The 

inflammatory responses in the cornea, the TG and the draining lymph nodes (DLN) 

of treated mice had markedly reduced numbers of inflammatory leucocytes, particularly 

neutrophils. In addition, their CD4 Th1 and Th17 T cell responses were reduced to a 

greater extent than were CD4 Treg responses. This rebalanced pattern of responsiveness was 

also attained when primary responses of different T cell subsets were generated in-vitro 

from naïve precursors in the presence or absence of glutamine. Thus, cultures in which 

glutamine was limited, or its use inhibited with DON, generated diminished Th1 and Th17 

responses, but the primary Treg responses induced were unaffected or even enhanced by 

the same protocols. The effect of inhibiting glutamine was also evaluated for its effect 

on HSV reactivating from latently infected nerve ganglion cultures in-vitro. Under these 

circumstances, inhibiting glutamine metabolism changed the extent of reactivation from 

latency and inhibited the time of viral replication. Accordingly, managing the expression of 

herpetic infections by controlling glutamine metabolism could represent a useful approach 

worth further consideration for practical therapy. Although the data in the current manuscript 

showed that inhibition of glutamine metabolism correlated with an attenuated viral immune 
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inflammatory process the effect was likely a global effect on all ongoing immune responses 

and not specific to the HSV response.

2. Material and methods

2.1. Animals

C57BL/6 and BALB/c mice of 5-6 week of age were acquired from Envigo (US). DO11.10 

RAG2−/− mice were formerly procured from Taconic and breeding pairs and were continued 

in animal house for the continuation of the strain. Pathogen-free facility where food, water, 

bedding, and instruments were autoclaved was maintained in animal house and all mice 

were kept there. All the animals were kept and maintained in American Association of 

Laboratory Animal Science approved facilities at the University of Tennessee, Knoxville, 

TN. Guiding principle of the Institutional Animal Care and Use Committee, and Association 

for Research in Vision and Ophthalmology were followed during all the experiments.

2.2. Virus

HSV-1 strain RE and HSV-1 KOS EGFP/RFP (obtained from Paul (Kip) R. Kinchington, 

University of Pittsburgh) were cultured in Vero cell monolayers (American Type Culture 

Collection CCL81; Manassas, VA, USA) as per established procedure. The aliquots were 

stored at −80°C until further used.

2.3. DON administration

C57BL/6 infected mice were treated IP with 200 μl of 0.3 mg/kg dose of DON dissolved in 

PBS once a day as described in previous studies [27-29], from 6th day post infection (PI) 

until day 15PI. The same volume of PBS was administered in control group.

2.4. HSV-1 infection and clinical scoring

C57BL/6 mice of 7 week of age were given anaesthesia (1.25 % solution of 2,2,2-

Tribromoethanol, ACROS Cat AC421430500), and the level of deep-rooted anaesthesia was 

determined by tail and toe pinch reflex.HSV-1 infection of corneal tissue was performed 

via light scarification (checker board formation of 15 scratches on cornea of each individual 

eye) of corneas with the help of a 27 gauge needle, applying 3 μl drops containing 1X104 

plaque-forming units (PFU) of HSV-1 RE in a circular manner. This procedure was followed 

by closing of the eye lids and mildly rubbing them for 45 sec. The infected mice were 

observed daily for the progression of lesions. The severity of SK lesions and angiogenesis 

were measured by slit-lamp bio-microscopy (Kowa Company, Nagoya, Japan) and the 

experiments were terminated on day 15 PI. The scoring system was as follows: 0, ordinary 

cornea; +1, mild hazy cornea; +2, cornea with moderate opacity or scarring; +3, severe 

corneal opacity but iris still visible; +4, cornea turned opaque with ulcer; and +5, corneal 

rupture and necrotizing keratitis. Angiogenic severity was recorded as described previously 

[19]. According to this system, a status of 4 for a given quadrant of the circle symbolizes 

a centripetal growth of 1.5 mm toward the center of the cornea. The score of the four 

quadrants of the eye were then totalled to obtain the neo-vessel formation index (range, 0 to 

16) for individual eyes at a given time point.
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2.5. Reagents and antibodies used

IFN-γ (XMG1.2), LY6G (1A8), Foxp3 (FJK-16S), IL-17A (TC11-18H10), CD4 (RM4-5), 

CD45 (30F11), anti-CD3 (145-2C11), anti-CD28 (37.51), CD11b (M1/70), GolgiPlug 

(brefeldin A), F4/80 (BM8), and CD16/CD32 (2.4G2) were procured from either 

eBioscience or BD Biosciences. DON (D2141-5 mg), phorbol myristate acetate (PMA) 

and ionomycin were acquired from Sigma-Aldrich. L-glutamine was obtained from Gibco 

(25030-081); RPMI-1640 with and without glutamine (10-041 and 15-041) was obtained 

from Corning. 0.4% Trypan-blue was obtained from Lonza (17-942E). The Live/dead 

staining kit was obtained from Life Technologies. Recombinant IL-2 (rIL-2) was from 

PeproTech and IL-6, IL-12 and TGF-β were from R&D Systems.Anti-IL-4 was from Bio-

Legend.

2.6. Preparation of latently infected TG cultures and viral reactivation

For the viral reactivation from latency studies, seven week old BALB/c mice were used. 

Ocular scarification was done in similar manner as mentioned above and 1X106 PFU 

of HSV-1 KOS EGFP/RFP was used for infection (kindly provided by Kip Kinchington, 

University of Pittsburgh). We started DON treatment at day 6 PI, a time when in the system 

virus is no longer replicating in the eye [30]. Mice were kept for 34-36 days PI before their 

TGs were used for ex-vivo reactivation studies. The latently infected mice were euthanized 

and TG were taken out and pooled in 10% RPMI-1640. Collagenase type I (C0130, Sigma) 

was added at rate of 1.5 mg/ml and TGs were incubated in CO2 chamber for 45 min at 

37°C with regular shaking. After incubation, mechanical dissociation of TG was done with 

the help of 1 ml pipette tips. TG suspensions were then centrifuged and media was replaced 

by 10% DMEM and 10 U/ml of rIL-2. Suspensions of TGs were added to wells of 48-well 

flat-bottom plates (1 TG/well). In order to block glutamine metabolism DON (5 μM) was 

added to the reactivation media. Other wells received 2-Deoxy-d-glucose (2-DG) to block 

glucose metabolism as described elsewhere [18, 55]. The TG cultures were kept for up to 

7 days at 37°C in CO2 chamber and 100 μl samples taken daily to detect and quantify 

replicating virus and the media replaced.

2.7. Flow cytometric analysis of immune cells

Individual corneas and TGs, from DON treated and untreated group were excised at day 15 

PI and suspended in 10% RPMI-1640 media, and subsequently processed with Liberase 

@ 50 μg/ml (Roche Diagnostics, IN) for 45 min at 37 °C in a 5% CO2 humidified 

chamber. From the draining lymph nodes (DLN) and spleens, suspensions of single cells 

were made as mentioned above sans Liberase treatment. Single cell suspension from all 

above mentioned tissue and lymphoid organs were stimulated with PMA/Iono at 37°C for 4 

hrs, followed by fluorochrome labelling of cells with different cell surface and intracellular 

markers for fluorescence-activated cell sorting (FACS) analyses as described previously 

[19]. Gating strategies for CD4+ T cells and T cell subsets (Th1, Th17 and Treg) were also 

presented in Supplementary Fig. 1.

During flow analyses in FlowJo software, all doublet cells were gated out followed by 

gating of live cells using live/dead staining. Cells were recognized as Th1, Th17 and Treg 

if they were CD4+IFN-γ+, CD4+IL-17A+, CD4+Foxp3+ respectively. Innate cells such as 
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neutrophils were determined if they were CD45+CD11b+LY6G+ and macrophages were 

recognised if they were CD45+CD11b+F4/80+. Gating strategies for total innate cells and 

subsets (neutrophils and macrophages) were also presented in Supplementary Fig. 2.

2.8. In-vitro T cell differentiation

In order to estimate the influence of DON treatment and glutamine metabolism on the 

initiation of immune cell responses in in-vitro assay, naïve splenocytes from DO11.10 

RAG2−/− mice were used as the responder cells described in detail previously [19]. After 

lysis of RBC and numerous washings, 0.5 X 106 splenocytes were cultivated in 1ml of 10% 

RPMI-1640 media with rIL-2 (100 U/ml) and TGF- β (0.25 ng/ml) for Treg induction, IL-12 

(5 ng/ml) and anti-IL-4 (10 μg/ml) for Th1 induction and IL-6 (30 ng/ml) and TGF-β (1 

ng/ml) for Th17 induction. Cells were cultured in 48-well plates bounded with plate-bound 

anti-CD3/CD28 Ab (1 μg/ml) and were kept for 5 days in a 5% CO2 humidified chamber at 

37°C. Inclusion of different concentrations of DON (1, 2.5, and 5 μM) was included in test 

cultures for the induction of Treg, Th1 and Th17 cells. In a similar manner, some cultures 

were performed in 10% RPMI-1640 with or without glutamine for the induction of Treg, 

Th1 and Th17 cells. External glutamine (at 1 and 2 mM) was also added in 10% RPMI with 

no glutamine for the generation of Treg, Th1 and Th17 cells. After 5 days, all cell cultures 

were examined by flow cytometry to measure the magnitude of T cells (Treg, Th1 and Th17 

cells) after PMA/Iono stimulation that were formed in test and control cultures using Flow 

cytometric analysis.

2.9. Viral quantification

For the quantification of virus, a plaque assay was used described elsewhere [19]. 100 μl 

aliquots from each well were titrated (with plain DMEM) and serially diluted on 48 well 

plates with cultured Vero cells in triplicates. After 90 min incubation at 37°C, the wells of 

plates were overlaid with a mixture of 2% methylcellulose and 10% DMEM (vol:vol) and 

the plates were incubated for 4 days at 37°C in a humidified chamber. After four days, the 

plates were fixed with 10% formalin for one hour and then followed by staining the wells 

with crystal violet (0.2 % solution in alcohol) for 30 minutes.

2.10. Statistical analysis

All statistical calculations were performed using GraphPad Prism version 7.0 (GraphPad 

Software, La Jolla, CA). For the analysis of corneal SK and angiogenesis, the Wilcoxon 

test was used and the data represent median values in Fig. 1. The Mann-Whitney U test 

performed to compare two groups and presented in Fig. 2-7. For comparing more than 

two group, analysis of variance (ANOVA) was applied with Dunnett's multiple comparisons 

test for Fig. 8. The log transformation is used to transform for replicating virus titres by 

considering Y=Log(Y) before the calculation of significance with ANOVA in Fig 9. To 

measure significant difference between groups: p values were presented with figures and 

expressed as means results ± standard errors of the means (SEM).
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3. Results

3.1. Effect of blocking glutamine metabolism on severity of herpetic ocular lesions

To observe the effect of blocking glutamine metabolism on the severity of HSV-1 

pathogenicity, the outcome of ocular HSV infection was compared in C57BL/6 mice that on 

day 6 received daily 0.3 mg/kg IP of DON compared to those given PBS. Day 6 was chosen 

to commence therapy since early signs of ocular inflammatory lesions become evident in 

some untreated mice at that time. Ocular lesions were scored daily and the experiments were 

terminated on day 15 PI by which time the majority of eyes in the PBS recipients were 

showing positive signs of angiogenesis and corneal scarring typical of SK (Fig. 1A and B). 

In the experiment shown (3 were performed of the same design and had similar results), 10 

of 12 eyes in the control group had positive lesions of SK (a score of 1 or more on a severity 

scale up to 5) as well as pathological angiogenesis (a score of 1 or more on a scale up to 

16). In contrast, in the DON recipients, only 5 of 12 eyes had positive SK and angiogenesis 

responses and none of the eyes had scores considered as severe (SK of 4 or greater and 

angiogenesis of 9 or greater) (Fig. 1A). The mean scores of lesion severity in the control and 

DON recipients for SK were 2.9 and 1.1 (Fig. 1A), and for angiogenesis were 11.9 and 2.9 

(Fig. 1B) respectively.

Experiments were also done in which at the end of the observation period, individual eyes 

from DON treated and control mice were collected and processed to record the number 

and type of inflammatory cells present in the corneal stromal. In such experiments, the 

magnitude of the inflammatory responses was significantly reduced in the DON recipients 

compared to the control group (Fig. 2A-I). Analysis of data from the experiment revealed 

that the total leukocyte numbers were 17.6 (Fig. 2A) fold higher in the PBS group compared 

to the DON recipients (Fig. 2A-C). Two additional experiments (total three experiments) of 

the same design involving 6 mice/group per experiment showed a similar pattern of results. 

Comparing the relative number of neutrophils and macrophages in the two groups, these 

were 35.9 (Fig. 2F) and 17.5 (Fig. 2I) fold higher, respectively, in the PBS as compared to 

the DON recipients (Fig. 2D-I). There were also differences in the magnitude and subset 

representation of the T cells present in the corneas of control and DON treated animals (Fig. 

3A-M). Mice that received DON had on average 5.6 (Fig. 3C) fold fewer CD4 T cells as 

compared to the PBS recipients. In addition, the reduction of CD4 Th1 cells was 33.9 (Fig. 

3F) fold in DON recipients and for Th17 cells the reduction was 1.8 fold (Fig. 3I). The 

numbers of CD4+Foxp3+ cells (Treg) were also enumerated (Fig. 3J-L). These were far less 

reduced compared to Th1 and Th17 cells upon DON therapy. In consequence, the ratio of 

Treg:Th1 increased by 4.2 (Fig. 3M) fold indicating that DON therapy resulted in T cell 

subset rebalancing.

At the termination of experiments, the TG and DLN were also collected from DON treated 

and control animals, and the pattern of the inflammatory responses compared (Fig. 4A-I). In 

comparison to PBS recipient mice, the TGs of DON treated animals had reduced numbers 

of total leukocytes, neutrophils and macrophages by 2.9 (Fig. 4C), 4.6 and 2.5 fold (Fig. 4F) 

respectively. The T cell response differences in the TGs between DON treated and untreated 

PBS recipients (Fig. 5A-M), was a reduction in number of CD4, Th17 and Treg by 1.9 (Fig. 
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5C), 1.02 (Fig. 5F) and 1.4 fold (Fig. 5I) respectively. Additionally, there was also a 4.1 fold 

(Fig. 5L) reduction in the magnitude of Th1 cell response compared to PBS recipients (Fig. 

5J-L). The ratio of the number of Treg:Th1 cells was 2.5 fold (Fig. 5M) enhanced in the TGs 

of DON treated mice in comparison to PBS recipient mice providing evidence that T subset 

rebalancing was present also in the TG.

In the DLN of DON recipients (Fig. 6A-I) the numbers of macrophages and neutrophils 

were on average reduced by 2.6 (Fig. 6F) and 3.7 (Fig. 6I) fold respectively as compared 

to PBS recipients. Furthermore, T cell responses of DON recipients compared to the PBS 

treated group (Fig. 7A-N) in the DLN, were reduced in numbers for CD4, Th1 and Th17 

cells by 2.1 (Fig. 7C), 2.8 (Fig. 7F) and 3.6 fold (Fig. 7I) respectively. The numbers of Treg 

were also enumerated and their number compared to the numbers of Th1 and Th17 cells 

(Fig. 7 J-L). The average ratio of total number of Treg:Th1 cells in control animals was 2.3 

and in DON recipients the ratio increased to 3.3 (Fig. 7M). Additionally, the average mean 

ratio of Treg:Th17 cell number in control animals was 5.9, but in the DON recipients the 

ratio was enhanced to 14.6 (Fig. 7N). Changes of T cell profiles similar to those in the DLN 

were also observed in the spleen cell populations (data not shown).

Taken together, the results from corneas, TG and DLN show that DON therapy in mice 

infected in the cornea with HSV was correlated with diminished inflammatory reactions that 

were rebalanced as regards T cell subset representation.

3.2. Effect of glutamine metabolism on the primary induction of T cell functional subsets 
in-vitro

The results of in-vivo studies indicated that glutamine metabolism was more relevant for 

the response of some subsets of T cells than it was for others. To further investigate 

this issue, experiments were done to measure the influence of glutamine levels on the 

primary induction of T cells with different immune functions from naïve precursors. For this 

purpose, splenocytes from DO11.10 RAG2−/−mice were cultured in-vitro under conditions 

shown elsewhere to optimally induce populations of Th1, Th17 and Treg [19]. The cultures 

were exposed to different conditions of glutamine content for 5 days after which the 

numbers of CD4 T cells with different functions were quantified and compared (Fig. 8). As 

regard the induction of Th1 T cells, excellent responses occurred in cultures with glutamine 

containing media (Fig. 8A), but these were reduced by 58.5% (in comparison to controls) 

when cultures were maintained in glutamine free media (Fig. 8A; Supplementary Fig. 3). 

Supplementing glutamine in the glutamine free medium restored the Th1 response (Fig. 

8A; Supplementary Fig. 3). Additionally, there was a dose dependant reduced Th1 response 

when DON was present with the response reduced around 66% at the highest level of 

DON tested (5 μM, Supplementary Fig. 4); a concentration with no detectable cell toxicity 

(Fig. 8B). A similar pattern of results was observed with Th17 induction cultures showing 

also the need for glutamine to optimally induce Th17 T cell responses (Fig. 8C and D; 

Supplementary Fig. 3). Contrasting results were obtained with Treg induction cultures. In 

such cultures, responses were not impaired, but were actually enhanced when in glutamine 

free media was used (Fig. 8E; Supplementary Fig. 3). Moreover, a similar outcome was 

observed when glutamine metabolism was inhibited using DON (Supplementary Fig. 4). 
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Curiously, even at the highest level of DON (5 μM) used in the Treg induction cultures; the 

Treg response was enhanced by 77.7% (Fig. 8F; Supplementary Fig. 4).

Accordingly, the results of in-vitro induction of T cell subset responses indicated that 

glutamine metabolism was an essential requirement for Th1 and Th17 T cells responses 

which are those mainly responsible for orchestrating ocular lesions after HSV infection, but 

not a requirement for Treg induction, the cell type involved in modulating the severity of SK.

3.3. Effect of glutamine metabolism on the stability of HSV latency

Some reports have advocated that glutamine metabolism may influence the stability of HSV 

latency [25, 26]. To evaluate this issue, experiments were done in wherein cultures of TG 

cells were set up from mice with well established latency and the effects of manipulating 

glutamine metabolism on the duration of latency were compared with cultures in normal 

media as well as with cultures where glucose metabolism was compromised using 2DG. 

The results shown in Fig. 9 indicate that when glutamine metabolism was inhibited using 

DON there was a delay in the breakdown of latency whereas in cultures that contained 2DG 

latency breakdown appeared to be accelerated. It was also apparent that viral levels were 

lower in cultures that contained DON compared to control cultures on days 4 and 5.

4. Discussion

Herpetic lesions in the cornea are examples where the host inflammatory reaction to the 

infection becomes the major cause of tissue damage [2]. Unfortunately, such SK reactions 

in humans can result in blindness[31]. The management of SK mainly relies on using anti-

inflammatory drugs, such as steroids along with antiviral drugs, but this approach can result 

in complications, especially when long term therapy is required [32]. Alternative forms 

of therapy are needed that have less side effects than do anti-inflammatory drugs such as 

steroids. In this report, we have exploited the gathering evidence that cells which participate 

in inflammatory reactions may rely on different metabolic pathways to support their growth, 

survival and function and that manipulating some metabolic pathways can accomplish a 

rebalancing of cellular participants within an inflammatory reaction [33, 34]. This idea of 

manipulating metabolism to influence the composition of inflammatory reactions has been 

mainly explored in the cancer and autoimmunity fields [17, 35-37], but, as we demonstrate 

in this report, the approach also has promise as a means to manage the outcome of chronic 

lesions induced by a virus infection. Accordingly, we show that if glutamine metabolism is 

disrupted during the period when an inflammatory reaction in the eye to HSV infection is 

occurring, the severity of lesions is reduced significantly and ocular damage minimized. We 

show that this outcome was likely achieved because the expansion of cell types involved 

in orchestrating and executing tissue damage was inhibited, whereas cell types such as 

Treg that help resolve inflammatory reactions were unaffected. We could also show that 

glutamine metabolism was differentially required for the in-vitro induction of different 

subtypes of T cells from naïve precursors. Thus, whereas the induction of proinflammatory 

CD4 Th1 and Th17 T cells was impaired when glutamine was restricted or inhibited, the 

induction of Treg was actually expanded. Glutamine metabolism was also shown to extend 

the in-vitro stability of herpesvirus latency.
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Glutamine metabolism is mainly involved in driving the TCA cycle which is a major means 

by which some cell types provide their energy requirements [38]. The glutamine derives 

from extracellular sources and needs to be converted first to glutamate and then to alpha-

ketoglutarate, a key component of the TCA cycle [38]. Glutamine metabolism is readily 

blocked by compounds such as DON that targets the enzymes involved in the conversion 

[39]. As our study showed, when animals were treated daily with DON both neutrophils and 

macrophages, the cell types mainly responsible for causing the tissue damage that occurs 

in SK, were markedly reduced in number in the corneas. This likely occurred because 

the TCA cycle is essential during their differentiation and function, which others have 

documented [40, 41]. Furthermore, DON therapy also caused a major reduction in the 

numbers of CD4 Th1 and Th17 T cells, the cell types which we and others have shown 

are largely responsible for orchestrating the ocular inflammatory reaction to HSV infection 

[2, 3]. Accordingly, the overall effect of blocking glutamine metabolism was to inhibit the 

participation of both the organisers and the aggressors of tissue damage. In addition, we 

could also observe that inhibiting glutamine metabolism had no untoward effect on the Treg 

response to the infection. In consequence, the relative composition of CD4 T cell subtypes 

in the inflammatory reactions changed to favor the greater representation of Treg. It is well 

known from past studies that when Treg become dominant over inflammatory subsets of T 

cells, the tissue damaging reaction becomes reduced [42]. Moreover, substantial evidence 

has shown that certain types of Treg such as those that produce amphiregulin are actively 

involved in driving the repair of inflammatory lesions [43, 44]. Overall, inhibiting glutamine 

metabolism achieved the cellular rebalancing objective that we contend is necessary to 

counteract the viral induced immune inflammatory lesions.

One curious observation we cannot fully explain is why inhibiting glutamine metabolism 

had no apparent effect on the response of Treg. In fact, the results of in-vitro immune 

induction experiments showed that the response of Treg was even elevated when glutamine 

levels were limited, or its metabolism inhibited using DON. The observation that Treg are 

unaffected, or even enhanced, by inhibiting glutamine metabolism also has been reported 

by others [20, 21, 45, 46]. According to the Rathmell group, leaders in the field of 

immunometabolism, Treg show metabolic flexibility and can oxidize glucose to provide 

pyruvate which maintains TCA activity [47]. In addition, Treg also can provide their energy 

requirements from metabolizing fatty acids which are transported from the cytoplasm to 

the mitochondria as fatty acyl CoA. In the mitochondria fatty acyl CoA is changed to 

acetyl CoA and this acetyl CoA in-turn enters the TCA cycle [48]. Accordingly, Treg can 

dispense with the need for glutamine, but why the Treg response was elevated when it was 

unavailable for use requires a mechanistic explanation. A review by Yang et al. does discuss 

some mechanistic ideas that might explain the differential effects of glutamine metabolism 

on Th17 and Treg [49].

Although the primary focus of our investigations was to find an effective approach to 

modulate the inflammatory reactions in the eye to herpetic infection, it was also of interest 

to note that the consequences of inhibiting glutamine metabolism was also evident in 

the TG and DLN. In both locations, the magnitude of the response was reduced and 

immune cell composition changed to minimise the proinflammatory cell types. The effect 

on inflammatory reactions in the TG could be particularly relevant since that is the site 
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where HSV inevitably establishes latency, a state of non-replicating infection that is lifelong 

[1]. Although there is no general agreement has to how HSV latency is established, 

maintained and interrupted during reactivation, one viable hypothesis is that the immune 

system participates with T cells somehow involved in helping to maintain latency [50, 51]. 

In addition, certain subsets of T cells appear more involved that others with CD8 and 

proinflammatory CD4 T cells likely most critical for maintaining latency [50]. The potential 

role of Treg during latency has not been adequately explored, but this topic merits such 

investigation. Our observation that blocking glutamine metabolism in ocularly infected mice 

reduced the content of CD4 Th1 and Th17 T cells in the TG could mean that reactivation 

from latency might become a more frequent and unfortunate consequence of the therapy. 

This would be of particular concern in humans where frequent reactivation from latency 

is a common circumstance that ultimately results in corneal blindness [52]. However, in 

our in-vitro reactivation experiments, we observed that blocking glutamine metabolism 

appeared to delay the termination of latency and reduced levels of replication competent 

virus production, whereas blocking the metabolism of glucose had the opposite effect of 

accelerating the breakdown of latency. We suspect that the expansion of Treg activity 

resulting from inhibiting glutamine metabolism might explain these observations, but further 

investigation is needed to clarify this issue.

Our in-vivo report is one of a very few that have explored the value of inhibiting glutamine 

metabolism to control the expression of a viral immune inflammatory disease process. 

More reports have evaluated the approach to limit the severity of autoimmune diseases, 

such as EAE, as well as the inflammatory reactions in some cancers [22, 53, 54]. Reports 

from the Griffin laboratory has described the value of modulating glutamine metabolism 

to control the chronic neuropathological lesions caused by infection with the Sindbis alpha 

virus [28, 29]. Similar to our findings, the alphavirus studies showed that treatment with 

DON reduced the CD4 gamma interferon producing cell response involved in mediating 

the neuropathology. In addition, there was a marked reduction in the expression level of 

several cytokines and chemokines involved in damage to the CNS. In the Sindbis virus 

disease model, the direct effect on other cell types such as neutrophils and Treg was not 

reported. To our knowledge the current study with HSV keratitis and that with alphavirus 

neuropathology are the only viral induced inflammatory diseases studied so far for the 

effects of inhibiting glutamine metabolism. However, as we and the Griffin group show 

the approach is valuable and merits evaluation, used alone or perhaps in combination with 

other therapies, to limit the extent of microbe induced immune-inflammatory disease. It is 

also worth noting that the results of in-vitro studies indicate that glutamine metabolism is 

needed by several viral infections, including some herpesviruses for effective replication 

[26]. Thus, impeding glutamine metabolism might control some viral diseases by acting to 

target both the virus and the host inflammatory reaction. Taken together, our results show 

that modulating glutamine metabolism is a valuable approach to control the inflammatory 

lesions caused by a viral infection and could also shape the outcome of herpesvirus latency.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

Treg regulatory T cell

TGs trigeminal ganglions

SK stromal keratitis

PFU plaque-forming units

IP intraperitoneal

HSV herpes simplex virus

DON 6-Diazo-5-oxo-L-norleucine

DLN draining lymph nodes

PI post-infection

PMA phorbolmyristate acetate

2-DG 2-Deoxy-d-glucose

FACS fluorescence-activated cell sorting

TCA tricarboxylic acid

EAE experimental autoimmune encephalomyelitis

CNS central nervous system
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Highlights

• Inhibition of glutamine metabolism diminish lesion of stromal keratitis caused 

by HSV.

• Therapy acted to diminish proinflammatory T cells but not for the induction 

of Treg.

• In-vitro culture of Th1 and Th17 T cells was reduced by blocking glutamine 

metabolism but not Treg.

• Inhibiting glutamine metabolism reduced inflammatory reactions in the TG.
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Fig. 1. 
Therapeutic administration of DON reduces development and severity of SK and 

angiogenesis after HSV-1 ocular infection. Effect of therapeutic administration (from day 

6 PI) of DON (0.3 mg/kg) on SK severity (A) in C57BL/6 at day 15 PI (n=12). Degree 

of angiogenesis (B) in C57BL/6 mice was recorded from individual eyes on day 15 PI 

(n=12). Data analyses were done by-a paired Wilcoxon-signed rank test and represented 

with median.
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Fig. 2. 
Therapeutic administration of DON diminishes innate inflammatory response in HSV-1 

infected corneas. Histograms and plot analysis represent frequencies (A and B) and 

numbers (C) of total leukocytes, the frequencies (D and E) and numbers (F) of neutrophils 

(CD45+CD11b+Ly66+) in corneas, and frequencies (G and H) and total numbers (I) of 

macrophages (CD45+CD11b+F4/80+) present in corneas. The data represent mean results ± 

SEM. All data were analysed by Mann-Whitney U test (n=12).
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Fig. 3. 
Therapeutic administration of DON resulted in reduction of pro-inflammatory T cell and 

promotion of regulatory T cell responses in HSV-1 infected corneas. C57BL/6 mice were 

infected with HSV-1 while DON (0.3 mg/kg) and PBS were administered from day 6 till 15 

PI. Histogram and plot analysis represent the frequencies (A and B) and numbers (C) of total 

CD4+T cells in HSV-1 infected corneas, frequencies (D and E) and total numbers (F) of Th1 

cells. The frequencies (G and H) and numbers (I) of Th17 cells, frequencies (J and K) and 

total numbers (L) of Treg cells and the ratio of Treg:Th1 (M) in the infected corneas. The 

data represent mean results ± SEM. All data was analysed by Mann-Whitney U test (n=12).
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Fig. 4. 
Therapeutic administration of DON reduced innate inflammatory response in the TGs. 

C57BL/6 mice were infected ocularly with HSV-1, DON (0.3 mg/kg) and PBS was 

administered from day 6 till 15 PI and FACS analysis was performed on day 15 

PI. Histograms and plot analysis represent frequencies (A and B) and total number 

(C) of leukocytes, the frequencies (D and E) and total numbers (F) of neutrophils 

(CD45+CD11b+Ly6G+) and the frequencies (G and H) and numbers (I) of macrophages 

(CD45+CD11b+F4/80+). The data represent mean results ± SEM. All data were analysed by 

Mann-Whitney U test (experiments repeated three times with n=6).
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Fig. 5. 
Therapeutic administration of DON diminished pro-inflammatory T cell responses in the 

TGs. C57BL/6 mice were ocularly infected with HSV-1, DON (0.3 mg/kg) and PBS was 

administered from day 6 till 15 PI and FACS analysis was performed on day 15 PI. 

Histograms and plot analysis represent total CD4+ T cells frequencies (A and B) and 

numbers (C), Th17 cells frequencies (D and E) and numbers (F), Treg cell frequencies (G 

and H) and numbers (I) and the Th1 frequency (J and K) and numbers (L). Fig 5 M shows 

the ratio of Th1:Treg on both control and DON treated animal TGs. The data represent mean 

results ± SEM. All data were analysed by Mann-Whitney U test (experiments repeated three 

times with n=6).
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Fig. 6. 
Therapeutic administration of DON reduced innate inflammatory response in DLN. 

C57BL/6 mice were infected with HSV-1 and DON (0.3 mg/kg) was administered from 

day 6 till 15 PI and FACS analysis was performed on day 15 PI. Histograms and plot 

analysis represent frequencies (A and B) and numbers (C) of leukocytes. The frequencies 

(D and E) and numbers (F) of neutrophils (CD45+CD11b+Ly6G+) and the frequencies (G 

and H) and numbers (I) of macrophages (CD45+CD11b+F4/80+). The data represent mean 

results ± SEM. All data were analysed by Mann-Whitney U test (experiments repeated three 

times with n=6).
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Fig. 7. 
Therapeutic administration of DON decreases pro-inflammatory T cells and enhances anti-

inflammatory T cells in the DLN.C57BL/6 mice were infected with HSV-1 and DON (0.3 

mg/kg) was administered from day 6 until 15 PI and FACS analysis was performed on DLN 

at day 15 PI. Histograms and plot analysis present the frequencies (A and B) and numbers 

(C) of total CD4+ T cells, frequencies (D and E) and numbers (F) of Th1 cells (CD4+IFN-

γ), frequencies (G and H) and numbers (I) of Th17 (CD4+IL-17A+) cells and frequency (J 

and K) and numbers (L) of Treg cells. The ratios of Treg:Th1 (M) and Treg:Th17 (N) in 

the DLN of control and DON treated animals were also presented. The data represent mean 

results ± SEM. All data were analysed by Mann-Whitney U test (experiments repeated three 

times with n=6).
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Fig. 8. 
Effect of glutamine metabolism on in-vitro induction of Th1, Th17 and Treg cells. 

Splenocytes from DO11.10 RAG2−/− mice were ex-vivo cultured with cytokines promoting 

Th1, Th17 and Treg cell proliferation and tested under different concentration of glutamine 

and DON. After five days of incubation, the cells were harvested and analysed for the 

differentiation of the targeted immune phenotypes. The histogram A shows the frequencies 

of Th1 (CD4+IFN-γ+) cells with media containing 0, 1, and 2 mM concentrations of 

glutamine. Histogram B shows the frequencies of cells expressing IFN-γ at varying 
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concentrations of DON. The histograms C and D and E and F show the same data 

for Th17 and Treg, respectively. The data represent mean results ± SEM. Dunnett's 

multiple comparisons test were performed as post-hoc test following the one-way ANOVA 

(experiments repeated three times with n=3).
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Fig. 9. 
DON treatment reduces the viral titer from latently infected TG ex-plant culture. BALB/c 

mice were infected with HSV-1 KOS EGFP/RFP and the TG of said mice were then 

extracted after day 34 PI. The effect of 5 μM DON was tested on ex-vivo reactivation 

assay alongside with 0.5 mM of 2DG and culture control media. The 2DG treatment 

functioned as a positive control while the control culture media was a mock control. The 

supernatant was removed daily and the virus titer was counted on Vero cells in a plaque 

assay. Data analysis were performed on transformed [Y=Log(Y)] viral titer values. Dunnett's 

multiple comparisons test were performed as post-hoc test following the two-way ANOVA 

(experiments repeated three times with n=3). The data represent mean results ± SEM.
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